The Pd and Pd-Ni thin films with an fcc structure were prepared by sputtering. The films were immersed in the pure water and the hydrogen-dissolved water alternatively and the electrical resistance of the films was measured during the immersion. The Pd and Pd-Ni thin films possess good sensitivity to hydrogen dissolved in water. The electrical resistance of the films increases in the hydrogen-dissolved water and decreases in the pure water with excellent reproducibility. The electrical resistance change of the Pd-Ni alloy films is smaller than that of the Pd films. Nickel addition improves the response of increase/decrease of the electrical resistance during the immersion in the pure water and the hydrogen-dissolved water. The detailed electrical behavior of the films is investigated in this study.
Introduction
Recently, hydrogen-dissolved water (HDW), which is called as the alkali-ion water, 1) obtained by water electrolysis has attracted increasing attention because of its useful effects for health such as mitigation of excess stomach acid, chronic diarrhea and other gastrointestinal disorders. From early studies on the alkali-ion water in the field of medical science, dissolved hydrogen (DH) in water has supposed to be one of factors for those good effects. 2, 3) Therefore, it is very important to measure and control the concentration of hydrogen dissolved in water in the field of medical science.
There have been many researches [4] [5] [6] on hydrogen gas sensor so far. However, there seems to be very little literature that discusses the measurement of DH concentration in water. Now, a membrane polarography-type hydrogen sensor is commercially available as a DH sensor in water. 7) However, this sensor has some disadvantages such as high cost, large size and degradation during service.
Therefore, we have tried to develop a new sensing system for DH concentration measurement. It is well known that the electrical resistance of metals increases by hydrogenation. [4] [5] [6] 8) If the electrical resistance of metals changes by hydrogenation and dehydrogenation during the immersion in HDW, those alloys can be used as a simple DH sensor. In our previous works, we measured the electrical resistance of amorphous metallic alloys immersed in HDW and reported that the electrical resistance of the melt-spun Mg-Pd amorphous ribbon-shaped specimens increased with increasing concentration of DH in HDW. 9, 10) For the development of a new DH sensor, we have tried to produce thin film specimens to promote hydrogenation and dehydrogenation more quickly than ribbon specimens.
In this work, we prepared the Pd-based crystalline alloy films using the sputtering technique since pure Pd metal is known to absorb and desorb hydrogen easily. Moreover, we expect that the Pd-based alloys have a strong immunity from corrosion in water since Pd is one of the noble metals. The objective of this work is to measure the electrical resistance of the Pd-based crystalline alloys during hydrogenation/ dehydrogenation in water and to investigate the possibility of the alloys as a DH sensor in water.
Experimental
Pure Pd and Pd-Ni thin films were deposited in an Ar atmosphere by the sputtering technique. The Ni concentration in the Pd-Ni alloy films was controlled by changing the number of Ni plates (1 Â 1 cm 2 ) placed on the pure Pd target. A quartz glass plate was used as a substrate. Some of the films were deposited on the substrate heated up to 573 K. XRD patterns were obtained with Cu-K radiation at 40 kV and 40 mA. Microstructure of those sputtered films was observed by a transmission electron microscope (TEM; JOEL JEM-2010 operated at 200 kV). TEM specimens were electrochemically polished.
The hydrogen-dissolved water (HDW) was prepared by hydrogen bubbling in pure water (PW). The hydrogen flow rate was 21 cc/min in 500 ml of pure water. The concentration of hydrogen introduced in the water was 1.5 ppm at maximum after bubbling for 1.5 h as reported in our early work. 9, 10) The electrical resistance of the specimens in HDW was measured by the four-probe method with the current generator (ADVANTEST R6144) and the digital multi-meter (ADVANTEST R6561). In the cyclic test, the specimens were immersed in 500 ml PW and in 500 ml HDW for 10 min alternatively. At the same time, the electrical resistance was measured with a constant current of 10 mA.
Results and Discussion
The compositions, film thickness, lattice constant and substrate temperature of the deposited films prepared in this work are summarized in Table 1 . Figure 1 shows the electrical resistance change, ÁR (¼ R=R 0 ) of the Pd thin films (specimens 1, 2 and 3) immersed in PW and in HDW for 10 min alternatively, as a * To whom all correspondence should be addressed.
function of the immersion time, t. R is the measured electrical resistance during the test and R 0 is the initial electrical resistance obtained before immersing in HDW. Film thickness, L, of each sample is also described in the figure.
Comparing two specimens (Samples 1 and 2) with similar film thickness, one may find that sample 2 prepared by substrate heating up to 573 K shows larger change in the electrical resistance than sample 1 prepared without substrate heating. This observation lead to the conclusion that the substrate heating during the film deposition improves the reactivity of the Pd thin film with dissolved hydrogen in water. One can observe the wrinkles on the film surface of only sample 2 due to large volume expansion caused by a large amount of hydrogen absorption. Such film deformation observed in sample 2 may cause significantly higher electrical resistance change than other samples. Furthermore, comparing two films, samples 2 and 3 deposited on the heated substrates with different film thickness, one can find that ÁR decreases with increasing film thickness and ÁR of sample 3 with larger film thickness returns to the initial level more quickly during the immersion in PW than that of sample 2 with smaller film thickness. This may be imply that hydrogen does not penetrate into the substrate side from the film surface yet even after 10 min in HDW due to the large film thickness of sample 3, leading to the lower electrical resistance change. Since hydrogen concentration in HDW is very small (up to 1.5 ppm at maximum), hydrogen atoms may dissolve in the Pd matrix without forming the Pd hydrides. Figure 2 shows the XRD patterns of the pure Pd thin films of samples 1 and 3. A distinct crystalline peak from Pd(111) and some weak peaks can be seen in both patterns. Both films show strong texture of Pd(111) plane parallel to the film surface. Grain sizes estimated from the peak width by Scherrer formula are 26.0 and 38.4 nm for samples 1 and 3, respectively. The lattice constants of both samples are also evaluated to be 0.38940 and 0.38892 nm for samples 1 and 3, respectively. Those values correspond to the referenced lattice constant (0.38907 nm 11) ), which means that those sputtered alloy films have a typical fcc structure of Pd metal. Figure 3 shows bright-field and dark-field TEM images and selected-area electron diffraction patterns of samples 1 and 3. The structure consists of equiaxed fine grains and their Pd-3.7 at%Ni 0.07 0.38776 Yes Fig. 1 The electrical resistance change ÁR of the Pd thin films (samples 1-3) immersed in the pure water and the hydrogen-dissolved water alternatively. grain size is about 23 nm for sample 1 and 44 nm for sample 3. Thus, sample 3 prepared with substrate heating possesses larger grain size than sample 1 without substrate heating, in agreement with the result estimated by XRD patterns. In some grains, stacking faults are observed because of low stacking fault energy inherent in an fcc structure. From above observations, it is concluded that the substrate heating is preferable to improve the reactivity of the film with hydrogen. Therefore, all the Pd-Ni thin films were prepared with substrate heating up to 573 K. Figure 4 shows the dependence of the electrical resistance change, ÁR of the Pd-Ni thin films on the Ni content in the first cycle of alternative immersion in PW and HDW. Film thickness, L, of each sample is also described in the figure. As seen in the figure, Ni addition deteriorates ÁR. The Pd thin film, sample 3, shows the largest ÁR among all the specimens. Then the Pd-17.0 at%Ni film, sample 6, shows the largest ÁR among the Pd-Ni alloy films. The sample 7 having the largest Ni content of 28.7 at% shows nearly saturation of ÁR increase after 10 min immersion in HDW. Moreover, it was found that ÁR of all the specimens returned to the initial level (ÁR ¼ 1) smoothly when immersed in PW. In particular, the electrical resistance change ÁR of the Pd-28.7 at%Ni film having the largest amount of Ni returns to the initial level more quickly than any other specimens. From this result, it can be concluded that the Ni addition in a certain amount improves the response of increase/decrease of the electrical resistance during the immersion in PW and HDW. This may be because the Ni addition decreases the maximum amount of hydrogen absorption in the film, which shortens the absorption/desorption time due to low affinity of Ni for hydrogen. XRD patterns of the pure Pd and the Pd-Ni alloy thin films are shown in Fig. 5 . Peak position of Pd(111) moves to a higher angle side with increasing Ni content. The lattice constant was calculated from each Pd(111) peak angle. The relation between the Ni content, c and the lattice constant, a of the Pd-Ni alloys is shown in Fig. 6 . The lattice constant of each film is also listed in Table 1 . As clearly seen in the figure, the lattice constant of the alloys decreases by Ni addition, which may cause the decrease of hydrogen absorption amount, resulting in the quick change in electrical resistance in the waters. Figure 7 shows the electrical resistance change ÁR of the Pd-3.7 at%Ni films with different film thickness, L. There is a tendency that the thinner film shows the larger ÁR in HDW. This tendency corresponds to the observation of samples 2 and 3 in Fig. 1 . Since the practical electrical resistances R and R 0 decrease with increasing film thickness, L, the data plots of sample 4 are scattered after 40 min due to the measurement error. At any rates, it was found that the Pd and Pd-Ni thin films possess good sensitivity to hydrogen dissolved in water and that the electrical resistance increases in HDW and decreases in PW with good reproducibility. The authors believe that it is possible to develop a new hydrogen sensor based on this principle.
Summary
The Pd and Pd-Ni thin films were prepared by the sputtering technique and the electrical resistance of those films immersed in PW and HDW alternatively were measured. The summary of this study is as follows.
(1) The Pd and Pd-Ni thin films possess good sensitivity to hydrogen dissolved in water. The electrical resistance of the films increases in HDW and decreases in PW with good reproducibility. (2) The Pd film deposited with substrate heating shows larger increase in the electrical resistance change ÁR relating to higher sensitivity to hydrogen than the film without substrate heating. This is because the grain growth occurs significantly by substrate heating. Comparing two Pd films deposited on heated substrates with different film thickness, the relatively thicker film shows good cyclic property with smooth decrease in ÁR to the initial level in PW, though the amount of ÁR is considerably smaller than that of the thinner film. (3) The electrical resistance change ÁR of the Pd-Ni alloy films deposited with substrate heating is smaller than that of the Pd films. However, Ni addition improves the response of increase/decrease of the electrical resistance during the immersion in PW and HDW. This may be because the Ni addition decreases the maximum amount of hydrogen absorption in the film, which shortens the absorption/desorption time due to low affinity of Ni for hydrogen. Fig. 6 The relation between the Ni content, c, and the lattice constant, a, of the Pd-Ni alloys. Fig. 7 The electrical resistance change ÁR (1st and 2nd cycles) of the Pd-3.7 at%Ni thin films (samples 4, 8 and 9) with different film thickness, L, immersed in the pure water and the hydrogen-dissolved water alternatively. 
